Abstract. The molecular mechanisms underlying neuropathic pain have yet to be elucidated. The present study aimed to examine the modulation of neuroimmune activation in the spinal cord by the synthetic peroxisome proliferator-activated receptor gamma (PPAR-γ) agonist, pioglitazone (Pio), in a rat model of neuropathic pain induced by chronic constriction injury (CCI). Rats were randomly assigned into four groups: Sham surgery with vehicle, chronic constriction injury with vehicle or Pio (10 mg/kg), and chronic constriction injury with Pio and a PPAR-γ antagonist GW9662 (2 mg/kg). Pio or vehicle was administered 1 h prior to the surgery and continued daily until day 7 post-surgery. Paw pressure threshold was measured prior to surgery and on days 0, 1, 3 and 7 post-surgery. Microglia activation markers macrophage antigen complex-1, the mRNA expression levels of tumor necrosis factor α and interleukin-1β, and the mRNA expression levels of toll like receptor (TLR-4) in the lumbar spinal cord were determined. Administration of Pio resulted in the prominent attenuation of mechanical hyperalgesia. In addition, Pio was able to significantly inhibit neuroimmune activation characterized by glial activation, the production of cytokines and expression levels of TLR-4. Concurrent administration of a PPAR-γ antagonist, GW9662, reversed the effects of Pio. The antihyperalgesic effect of administration of Pio in rats receiving CCI may, in part, be attributed to the inhibition of neuroimmune activation associated with the sustaining of neuropathic pain.
Introduction
Neuropathic pain is an intractable affliction caused as a result of various forms of damage to the nervous system. The mechanisms underlying the development of neuropathic pain are yet to be elucidated. Several previous studies using animal models have suggested candidates that may be therapeutic targets for the reduction of neuropathic pain. However, there are currently no good pharmacotherapies for neuropathic pain (1) . Substantial evidence has demonstrated that central neuroimmune activation and neuroinflammation have crucial roles in the generation and maintenance of chronic pain (2) . Subsequent to nerve injury, microglia in the spinal cord become activated and pro-inflammatory cytokines are released, including tumor necrosis factor (TNF)-α and interleukin (IL)-1β. In addition, the activation of glia is accompanied by the release of chemical mediators, including substance P, inflammatory cytokines and chemokines, which subsequently enhance the activation of spinal glia (3) (4) (5) (6) (7) . The suppression of microglia activity is has been explored as a potential therapy for a number of central nervous system (CNS) inflammatory diseases and neuropathic pain (8) .
Toll like receptors (TLRs) are transmembrane signaling molecules that participate in innate immune recognition (9) . Previous evidence has suggested that TLR-4 is expressed by microglial cells in the CNS, and that the activation of these cells is associated with the release of pro-inflammatory cytokines (10) . Thus, the inhibition of TLR-4 may reduce inflammatory responses and ameliorate the pain experienced after nerve-injury.
Peroxisome proliferator-activated receptor gamma (PPAR-γ) is transcription factor that belongs to the nuclear hormone receptor family. PPAR-γ agonists are currently employed clinically for the management of type II diabetes mellitus. Furthermore, previous studies have shown that PPAR-γ has the potential to ameliorate the symptoms of nervous system-associated disorders, such as spinal cord injury, amyotrophic lateral sclerosis, allergic encephalomyelitis, Parkinson's disease, cerebral hemorrhage and Alzheimer's disease (11) (12) (13) (14) (15) (16) . However, studies concerning the underlying mechanism of PPAR-γ agonists on neuroimmune activation associated with neuropathic pain, are limited. Pioglitazone (Pio) is a promising PPAR-γ antagonist, which may penetrate the blood-brain barrier to exert its actions on the CNS (17).
Therefore, using a rat model of chronic constriction injury, the current study was conducted to evaluate the role of orally administered Pio on pain behaviors, inflammatory cytokines, glial activation and the expression of TLR-4. The current study also aimed to determine whether the analgesic effect of Pio was associated with its impact on the expression of cytokines and TLR-4, as well as glial activation markers involved in neuroimmune activation.
Materials and methods
Experimental animals and procedures. Male Sprague-Dawley rats (age, 45-50 days) weighing between 200 and 250 g were housed in an approved facility and maintained at 20-25˚C, 50% humidity and under a 12-h dark:light cycle, with food and water available ad libitum. All animal experiments were performed in accordance with the National Institutes of Health Guide regarding the care and use of animals for experimental procedures. Efforts were made to limit distress and to use the minimum number of rats necessary to achieve statistical significance. The experimental protocol was reviewed and approved by the Institutional Animal Care Committee of Jinling Hospital (Nanjing, China).
Surgery to produce chronic constriction injury (CCI) was first described by Bennett and Xie (18) . Subsequent to the administration of urethane anesthesia (1 g/kg, ip) the right sciatic nerve was exposed, and proximal to the trifurcation, ~7 mm of the common sciatic nerve was freed from the adherent tissue. Four 4-0 chromic gut sutures, were tied around the nerve at intervals of ~1 mm, and ligatures were secured loosely to ensure that, on visual inspection, blood flow was not obstructed. The left sciatic nerve was used as a control, and was exposed yet not ligated, whereas the surgical incision was sutured and postsurgical recuperation was monitored daily, and the rats recovered uneventfully. Particular attention was applied to prevent infection, thus minimizing the influence of inflammation. Rats were randomized into four equal groups (n=8 per group) as follows: i) Sham-operation with vehicle (0.5% carboxymethyl cellulose or Pio; sham group); ii) chronic constriction injury with 2 ml/kg vehicle (vehicle group) or iii) 10 mg/kg Pio (Pio group); and iv) chronic constriction injury with coadministration of 10 mg/kg Pio and 2 mg/kg GW9662 (a PPAR-γ antagonist) administered by intraperitoneal (i.p.) injection (Pio + GW group). The vehicle solution [0.5% CMC or Pio (Medical and Pharmacological Company of Hengrui, China) was orally administered 1 h prior to surgery and continued daily to day 21 post-surgery.
Behavioral assessments Mechanical hyperalgesia. Paw withdrawal mechanical threshold (PWMT) was determined by applying a von Frey hair filament (Stoelting Co., Chicago, IL, USA) to the hind paw until a positive indicator of pain behavior was elicited (19) . Evaluation thresholds were as follows: The mid-plantar paw was assessed in the area of the sciatic nerve, avoiding the footpads. The von Frey filaments with logarithmically incremental stiffness (0.4-15.1 g) were applied serially to the paw via the up-down method. The hairs were presented in ascending order of strength, perpendicular to the plantar surface with sufficient force to cause slight bending against the paw, and were held for 6-8 sec. A positive response was recorded if the paw was sharply withdrawn. Flinching immediately upon removal of the hair was also considered a positive response. A 15.1 g hair was selected as the upper limit for testing. If there was no response at 15.1 g pressure, rats were assigned the upper limit value. A bending force able to evoke 50% of the paw withdrawal occurrence was set as the PWMT.
Cold allodynia. Behavioral indicators of cold allodynia were identified by immersing the tails of rats in cold water (4˚C). As previously described (20) , each animal was restrained in a plastic holder and its tail was allowed to hang over the edge to facilitate the application of cold water stimuli. Following the immersion of the tail, the latency of an abrupt tail movement was measured, with a cut-off time of 15 sec. Tail immersion assessment was repeated five times at 5-min intervals. When calculating the average latency, the cut-off time was assigned to rats with normal responses (an absence of tail movement for 15 sec). Average latency was employed as a measure for the severity of cold allodynia; a shorter latency was interpreted as more severe cold allodynia.
Harvesting of tissue samples. Subsequent to the completion of the behavioral assessment on day 21 post-operation, rats were anesthetized with an overdose of sodium pentobarbital (70 mg/kg), the rat hearts were exposed by thoracotomy and intracardially perfused with 250 ml cold saline. Rats were then sacrificed by decapitation. The lumbar spinal cord tissue proximal to the injury site was harvested and kept on ice. The dorsal aspect of the spinal cord was dissected from the ventral portion of the spinal cord. Following this, the samples were removed quickly and stored in liquid nitrogen for subsequent assays.
Reverse-transcription polymerase chain reaction (RT-PCR)
for the determination of IL-1β and TNF-α mRNA expression levels. Total RNA was extracted with Tri Pure Isolation Reagent (Roche Diagnostics, Basel, Switzerland) and quantified by absorption at 260 nm. RNA samples all had OD260/280 ratios of 1.8-2.0, indicating good quality. RT was performed using Reverse Transcription System (Promega Corp., Madison, WI, USA) according to the manufacturer's protocol. β-actin as normalization control. Primer sequences were as follows: IL-1β sense 5'-TGA TGT TCC CAT TAG ACA GC-3' and antisense 5'-GAG GTG CTG ATG TAC CAG TT-3'; TNF-α, sense 5'-CTC AGC CTC TTC TCC TTC CT-3' and antisense 5'-ATG GGC TCA TAC CAG GGC TT-3'; and β-actin, sense 5'-CTG GCC GGG ACC TGA CTG ACT ACC TC-3' and antisense 5'-AAA CAA ATA AAG CCA TGC CAA TCT CA-3' . The 100 µl reaction volume consisted of 2 µl cDNA template (Promega Corporation, Madison, WI, USA), 1.5 mmol/l MgCl 2 , 2.5 U Taq DNA polymerase, 100 µmol/l dNTP, 0.1 µmol/l primer and 1X Taq DNA polymerase magnesium-free buffer (Promega Corp.). Next, the reaction mixture was supplemented with two drops of mineral oil (Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) and incubated in a thermocycler (Mini-Cycler PTC 150, MJ Research Inc., Hercules, CA, USA) programmed to initially denature at 95˚C for 2 min, then denature at 95˚C for 1 min, anneal at 60˚C for 1 min and extend at 72˚C for 2 min for a total of 30 cycles. The final cycle was followed by incubation at 72˚C for 5 min, and cooling to 4˚C. The PCR products were 206 bp (IL-1β), 191 bp (TNF-α) and 650 bp (β-actin), respectively. Subsequently, PCR products were electrophoresed on a 15 g/l agarose gel stained with ethidium bromide. Digital images of the gel were captured and analyzed using Scion Image v. 4.03 software (Scion Corporation; Informer Technologies, Inc. Frederick, MD, USA). Values in each sample were normalized with β-actin.
RT-PCR for the determination of TLR4 mRNA expression levels. Total RNA was extracted with TriPure Isolation Reagent and quantified by absorption at 260 nm. RT was performed using a Promega Reverse Transcription System according to the manufacturer's protocol. β-actin was used as an internal control for normalization. Primer sequences were as follows: TLR4, sense 5'-AGC TTT GGT CAG TTGGCTCT-3' and antisense 5'-CAG GAT GAC ACC ATT GAAGC-3'; and β-actin, sense 5'-CAC CCG CGA GTA CAA CCTTC-3' and antisense 5'-CCC ATA CCC ACC ATC ACA CC-3'. Cycling conditions were as follows: 95˚C for 2 min, then 95˚C for 1 min, 60˚C for 1 min and 72˚C for 2 min for 30 cycles. PCR amplification products were separated on an ethidium bromide-stained 1.5% agarose gel, and visualized by ultraviolet light. mRNA expression levels of TLR4 were calculated as a percentage of the mRNA expression levels of β-actin in the same tissue sample. Amplified bands showed the predicted sizes to be as follows: TLR4 111 bp and β-actin 149 bp.
Immunohistochemistry. Immunoreactivity analysis of the microglial activation marker Mac-1, or CR3/CD11b, was performed using immunohistochemistry. To suppress endogenous peroxidase activity, 4-µm sections were treated with 0.3% H 2 O 2 in Tris-buffered saline (TBS) for 20 min at room temperature. Following this, sections were incubated overnight at 4˚C with monoclonal mouse anti-Mac-1 (cat. no. 554980; 1:1,000; BD Pharmingen, San Diego, CA, USA) in TBS with 3% normal goat serum and 0.5% Triton-X-100. Subsequently, sections were incubated with biotin-conjugated goat anti-mouse (cat. no. 115-065-003; 1:400; Jackson ImmunoResearch, West Grove, PA) for 2 h at room temperature, incubated with an avidin-biotin complex solution (1:400; Vector Laboratories, Burlingame, CA, USA) for 1 h at room temperature, followed by staining with 0.5 mg/ml 3,3'-diaminobenzidine tetrahydrochloride (Sigma-Aldrich). Finally, sections were mounted on gelatin-coated slides, dried, dehydrated, and coverslipped with Permount. Staining was evaluated by light microscopy.
Statistical analysis.
Values are expressed as means ± standard error of the mean. For behavioral data, comparisons between groups were performed using repeated measures of analysis of variance (ANOVA). The effects of surgery and the administration of therapies on the cytokines and TLR-4 were determined by one-way ANOVA followed by Bonferroni or Tamhane's T2 test based on equal variances assumed or otherwise. Data were analyzed using SPSS statistical software for Windows (version 13.0; SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Behavioral assessments. Mechanical hyperalgesia and cold allodynia were evidenced by PWMT (Fig. 1 ) and response latency (RL) (Fig. 2) findings. All rats demonstrated similar responsiveness to mechanical and cold stimuli prior to surgery ( Figs. 1 and 2) . It was observed that CCI produced significant mechanical hyperalgesia and cold allodynia in the ipsilateral hind paw of rats on postoperative day 3, and these effects persisted to postoperative day 21. Pio (10 mg/kg) administration was able to attenuate the development of mechanical hyperalgesia and cold allodynia in rats with CCI compared with those who received the vehicle treatment on days 3, 7, 14 and 21 post-operation (P<0.01 for 10 mg/kg). When coadministered with Pio, GW9662 (2 mg/kg, i.p.), an antagonist of PPAR-γ, was able to reverse the analgesic effect of Pio (P<0.01; Figs. 1 and 2) .
Production of cytokines.
Expression levels of TNF-α (Fig. 3) and IL-1β (Fig. 4) in the spinal cord were significantly increased in CCI rats compared with saline-treated rats. CCI-induced neuropathic pain was associated with a significant increase in the protein expression levels of IL-1β and TNF-α (P<0.01). Pio was able to significantly suppress the elevation of IL-1β and TNF-α (both P<0.01). However, GW9662 (2 mg/kg, i.p.) was able to reduce the decrease in IL-1β and TNF-α levels induced by Pio in the spinal cord.
Expression of glial activation markers.
The expression of Mac-1 were investigated in the sciatic nerves of rats by immunohistochemical analysis (Fig. 5) . Pio-treated rats exhibited a significant attenuation in Mac-1 immunoreactivity. The integral optical density of Mac-1 immunoreactive cells increased significantly (P<0.01) in the Pio group compared with the 
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sham group and vehicle groups, and this effect was reversed by GW9662 coadministration (P<0.01).
mRNA expression of TLR-4. mRNA expression levels of TLR-4 were significantly increased in rats on postoperative day 21 in the vehicle group compared with the sham group (P<0.01). Pio administration significantly attenuated the increase in TLR-4 expression levels compared with vehicle administration (P<0.01), which was significantly reversed by GW9662 coadministration (P<0.01; Fig. 6 ).
Discussion
The present study investigated the potential therapeutic value of Pio, which is a PPAR-γ agonist, in the treatment of neuropathic pain using a rat model of CCI. Pio was effective in reducing the incidence of the development of mechanical hyperalgesia and the upregulation of Mac-1 and cytokines, and suppressing the activity of TLR-4 in rats after CCI. GW9662 reversed the aforementioned changes produced by Pio in rats with CCI. Neuropathic pain is characterized by hyperalgesia, allodynia and spontaneous pain. At present, available treatments for neuropathic pain are neither adequate nor effective, partially due to the fact that the underlying mechanisms are insufficiently understood. Current therapies for the treatment of peripheral neuropathic pain involve numerous drug classes, including opioids, gabapentinoids, antidepressants, antiepileptic drugs, local anesthetics and capsaicin. However, the majority of these treatments have limited efficacy or produce undesirable adverse effects (1) . Thus, increasing research effort has been applied to the development of novel therapeutic targets and drugs for the treatment of neuropathic pain.
Rosiglitazone and Pio are synthetic PPAR-γ agonists of the thiazolidinedione (TZD) class. As insulin sensitizers, TZDs remain an important pharmacotherapeutic class in the treatment of type II diabetes. Several studies have suggested that systemically administered TZD class drugs facilitate recovery from behavioral changes during neuropathic pain associated with tibial and sural nerve transection, in addition to carrageenan-induced inflammation, spared nerve injury and L5 nerve transection-induced neuropathy (21) (22) (23) (24) (25) . The findings of the current study were consistent with the aforementioned observations that Pio attenuated the development of mechanical hyperalgesia and cold allodynia. Of greater note was the observation that the effects of Pio were successfully blocked by the coadministration of GW9662. Thus, the present study concluded that PPAR-γ substantially contributes to the antinoceptive role of Pio, with respect to the amelioration of neuropathic pain. However, it should be noted that the administration of Pio for 3 weeks did not produce a significant effect on the glucose levels in rats in the current study, and that the glucose levels were within the normal range.
An increasing number of studies have implicated neuroimmune activation, which has been associated with glial activation and inflammatory cytokine expression following nerve injury, to be associated with the generation and maintenance of behavioral changes during neuropathic pain (26) (27) (28) . In the spinal chord, activated microglia lead to hyperalgesia by releasing algesic soluble factors, including TNF-α and IL-1β (29) . Proinflammatory cytokines have been hypothesized to contribute to the sensitization of the CNS, which results in lower thresholds and spontaneous ectopic neuronal firing (30) . As a consequence, the deleterious escalation of a pathological glial activation ensues, and induces the expression levels of numerous factors, including cyclooxygenase-2, inducible nitric oxide (NO) synthase and substance P (8) . Elevated levels of the aforementioned substances leads to increased nociceptive activity and thus severe and persistent neuropathic pain (31) . Positive feedback loops between inflammatory mediators and glial activation, and between glia and neurons, lead to the enhancement and maintenance of neuropathic pain. Previous studies have indicated that, in glial cells, ligand-dependent activation of PPAR-γ has an anti-inflammatory effect by suppressing the expression of various inflammatory response genes, including those encoding inducible NO synthase, TNF-α and IL-1β (32) (33) (34) . As demonstrated in the present study, microglial activation, indicated by increased mRNA expression levels of the surface marker, Mac-1, led to elevated expression levels of TNF-α and IL-1β inflammatory mediators, which may, in part, account for the mechanical allodynia observed in nerve injury models of CCI (35) (36) (37) . PPAR-γ receptors are expressed on glial cells in the CNS (38) and spinal cord (39) , and the present results indicated that Pio significantly decreased Mac-1 immunoreactivity and the production of TNF-α and IL-1β in the lumbar dorsal horn. Thus, we hypothesize that Pio inhibits the maintenance of neuropathic pain by decreasing microglia activity, which is the primary source of inflammatory cytokines in the dorsal horn.
It has previously been suggested that the TLR-4 signaling pathway has an important role in neuropathic pain (40, 41) . Proinflammatory cytokines (IL-1β, TNF-α, IL-6 and INF-γ) are released by the microglial TLR-4 receptor, which is one of several neuron-to-glia signalling receptors. TLR-4 is a transmembrane receptor protein with extracellular leucine-rich repeat domains and a cytoplasmic signaling domain. In the CNS, TLR-4 is expressed on microglia, and possibly astrocytes and endothelial cells; however, it is not expressed on neurons (42) . Previous studies have suggested several potential mechanisms that may mediate the neuroprotective actions of Pio, including diminished inflammation, and activation of TLR, nuclear factor-κB and antiapoptotic genes (11, 21, 43) . However, to the best of our knowledge, the current study is the first to demonstrate that Pio is able to inhibit TLR-4 expression during neuropathic pain. This was in agreement with the findings of a previous study, which reported that Pio inhibits the activation of TLR-4 in lipopolysaccharide-stimulated microglia cultures. Further studies are required to elucidate the role of various signaling pathways besides that of TLR-4 signaling in peripheral nerve injury.
In conclusion, the present study demonstrated that Pio administration had an antiallodynic effect in a rat model of neuropathic pain by inhibiting glial activation and the expression of TLR-4, which consequently inhibited the production of proinflammatory cytokines. The results concerning the protective effects of Pio on hyperalgesia, glial activation, and inflammatory response in the present study may provide a novel therapeutic strategy for the treatment of neuropathic pain.
